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Abstract- The present work has analyzed and discussed the effect 

of gravitational force on the walk-run transition speed on the 

planets of the solar system. A walk-run transition speed at 

different gravity level has been calculated. Our results suggested 

that by increasing gravity level, the walk-run transition speed 

occurred at faster speed whereas the corresponding Froude 

numbers remain constant in normal and high gravities. The most 

significant effect of gravity on the Froude number was observed 

for the planets with gravity lower than the earth.  In addition, the 

rates of oxygen consumption at the walk-run transition speed for 

these celestial objects have been predicted. The results showed 

that the rate of oxygen consumption for the planets are at the 

highest for those which have a gait transition at Froude number 

of greater than 0.5. 

 Keywords: Froude numbers, solar system, walk-run transition, 

oxygen consumption. 

I. INTRODUCTION 

Humans have two main forms of locomotion which are 

walking and running whereas most of the quadrupeds have 

three forms of locomotion which are walk, trot and gallop. 

According to the classical definition, walking is a move at a 

regular step by lifting and setting down each foot in turn, 

which means that both feet will never be off the ground at 

once while in the running the move is faster, so that both 

feet leave the ground during each stride [1]. When 

somebody is walking, his/her walking speed is gradually 

increased and at a critical speed the action transfer to 

running state. Such a transition of movement happens 

because the running is more comfortable than walking in 

that speed, even though the person can still walk at that 

critical point. Although it is not entirely clear why human 

prefer to transit from one gait to another at a given speed 

and how this transition is affected by mechanics of walking 

and running.  It has been reported that for human at a speed 

of faster than 2m/s, metabolically walking is displeasing 

than running. This speed is almost the same as the observed 

gait transition speed, suggesting that there is a metabolic 

trigger for the walk-run transition i.e. there is an energy 

saving mechanism that causes the walk-run transition [2]. 

Despite of a number of studies on this topic [3-5], the 

influence of metabolic energy on the gait transition remains 

unclear. Studies on quadrupedal animals showed that the 

trot-gallop transition for horses have occurred at the 

minimum metabolic energy [6].  
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While other studies on the trot-gallop transition for horses 

[7] and walk-run transition for humans [3,8,9] have reported 

that the gait transition occurred at slower speed than the 

predicted speed, based on metabolic energy concept. 

However, the metabolic cost per unit distance is found to be 

higher for running than walking at the transition speed, but 

the fluctuation of the metabolic energy per step is appeared 

to be the same for both gaits [8], indicating that the gait 

transition is not triggered by the metabolic energy. Recent 

studies suggest that the gait transition should be interpreted 

mechanically instead of metabolically. A research has 

showed that the trot- gallop transition in horses occurs at 

different speeds but at the same level of the vertical ground 

reaction force (which  is the reacting force to the one that 

the body centre of mass exerted via the body segments in 

contact with the ground) [7]. However it is reported that 

since the peak ground reaction forces increases (the 

transition from walking to running occurs), the gait 

transition in humans may not be interpreted by the same 

mechanism [10, 11, 12]. In addition, the effect of kinematic 

factor (maximum loading rate, braking and propulsive 

impulse, and braking and propulsive force peaks) on the gait 

transition during human locomotion is shown. It has been 

observed that only kinematics variable that may trigger the 

walk-run transition is the maximum ankle angular velocity. 

This variable increases with increasing speed of walking and 

decreases when running starts. It has been demonstrated that 

the walk-run transition towards the peak of a slope occurs at 

different speed, but at the same maximum ankle angular 

velocity. It has been speculate that the stress on the anterior 

tibialis muscle is reduced after the walk-run transition [13]. 

Although, the same case did not occur during run-walk 

transition. Walking speed as a function of leg length can be 

plotted by Parabola curves for adults. for L=0.92m maximal 

pendulum-like energy exchange as in the spontaneous and 

optimal walking speed   occurs in Froude number equal to 

0.25 and walk-run transition speed occurs in Froude number 

equal to 0.5 

 [14]. 

II. MODEL AND THEORY 

We have used inverted pendulum mechanical model to 

describe Bipedal walking. The model assumed that the total 

body mass is concentrated in one point and legs are a rigid 

strut [14]. According to this model, no mechanical energy 

for continuing motion is required and fluctuation of kinetic 

energy and potential energy are equals and precisely 180 

degree out of phase [10]. 
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The main force that determines the movement of inverted-

pendulum-like during walking is the gravity that should be 

equal to the centripetal force to maintain the body motion 

about the stance of the foot. i.e. when F is not provided, 

there is a risk of takeoff and the model fails. The centripetal 

force (F) can be described as follow 

𝐹 =
𝑚𝑣2

𝐿
                                     (1) 

where m is mass of the body, L is leg length and v is 

forward speed. The centripetal force suggests that maximum 

walking speed up to a limit that a circular path maintained is 

mainly controlled by the gravity. The ratio between 

centripetal force and gravity can be defined as a Froude 

number (Fr) [15]: 

     Fr=( (mv^2)/L)/mg  = v^2/gL .                  (2) 

Equation 2 indicates that the above Froude number of 1, 

walking is impossible. This is because that would mean that 

the gravity is weaker than the required centripetal force need 

to maintain the body on the circular arc [16]. Interestingly, it 

can be seen that the relation between Fr and v is independent 

on the body size but it is mainly depends on the leg length 

and the gravity. The observation on bipeds (including 

human and birds) suggested that the walk-run transition 

occur at Fr of 0.5 [15,16,18]. The relationship between 

Froude number and walk-run transition has been 

investigated by a number of studies [16, 19]. Simulate 

reduced gravity instrument is used to study gravity effect on 

walk-run transition speed on nine persons (7 men and 2 

women) who had the same leg length L = 0.89 m, and the 

same mass. The results indicated that at low values of 

gravity, the walk-run transition occurred at lower speed. The 

increase of the transition speed was found to be more 

significant above the gravity of 3.92 m/s2. It has also been 

observed that below this gravity level the prediction of 

inverted pendulum model for equal Froude number did not 

hold. This was attributed to the influence of acceleration due 

to moving arms and legs in the walking process [16]. In an 

attempt to study the prediction of inverted pendulum model 

for the gait transition on the planets of the solar system, the 

optimal walking and walk-run transition speed at Froude 

numbers of 0.25 and 0.5 has been shown respectively while 

the leg length was kept constant. The results showed that the 

optimal walking speed and walk-run transition speed of a 

celestial objects with 16% of the earth’s gravity (Moon) 

were about 0.6 and 0.8 m/s, respectively. This is about 40% 

of those on the earth [19]. With the above studies on the 

influence of gravity on the walk-run transition speed, it is 

important to clarify how human can move on different 

planets. In addition, it is interesting to find out whether the 

walk-run transition will occur at the same Froude number 

that has been predicted for the earth. Furthermore, only a 

limited number of studies have reported the variation of 

oxygen cost at the walk-run transition speed. Our study has 

calculated the breath –by- breath rates of oxygen 

consumption relating to the Froude numbers at different leg 

length. It has been shown that the amount of oxygen 

consumption decreased by increasing the Froude number. At 

the Froude number of 0.25, the amount of O2 cost is 

minimum. Above this value, the O2 cost starts to increase. It 

has been noticed that where the oxygen consumption was 

minimum, walking was optimal i.e. the exchange of 

potential energy to kinetic energy is maximum. [20]. 

Another purpose of our study is to reanalyze whether the 

changes of the gravity level on other planets of the solar 

system affect the prediction of inverted pendulum model for 

the Froude number at the walk transition (Fr=0.5) (Ref). 

Moreover, the variation of oxygen consumption at the 

predicted walk-run transition on the planets of the solar 

system is taken into our calculations.  

III. RESULTS AND DISCUSSION 

In this section, an estimation of Walk-run transition speed 

and Froude number, and variations of Oxygen consumption 

at the walk-run transition speed for the planets of the solar 

system are shown as follows: 

A. Walk-Run Transition Speed and Froude Number 

The planets of the solar system have different gravity which 

is between 0.39 to 2.34 times the gravity of the earth. By 

using previous literature data and interpolation and 

extrapolation algorithms, the walk-run transition speed of 

the planets of the solar system has been obtained as shown 

in Fig. 1. The calculated values of the walk-run transition 

speed and the gravity level were substituted in Eq. 1 and the 

relevant Froude numbers have been calculated for each 

planet of the solar system as demonstrated in Fig. 2. 

Figure 1 Walk-run transition speed at different 

gravitation force for the planets of the solar system 

Figure 1 shows that by reducing the gravity level, the walk-

run transition occurs at slower speed. The walk-run 

transition speed of the planet with 2.3 times higher gravity 

than the earth (such as Jupiter) is about 1.5 times higher than 

those of the earth. Figure 2 display that for the planets with 

gravity levels higher than the earth, the walk-run transition 

occurs at Froude number around 0.5, while for the planets 

with lower gravity than the earth, this transition occur at 

higher Froude number. This result indicates that for the 

planets of lower gravity than the earth, the prediction of the 

gait transition at Froude number of 0.5 is not hold. In Fig. 2, 

it can be seen that only the value of the Moon is higher than 

0.5, while Mars, Mercury, Venus and Uranus, are 

compatible with Froude=0.5. 
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 The gait transition at Froude number is greater than 0.5 for 

the low gravity level have also been reported by others and 

attributed to neglecting the acceleration produced by 

swinging limbs. It has been shown that the acceleration 

produced from swinging of arms and legs are relatively high 

at the low gravity level and by increasing the gravity, the 

influence of limbs acceleration become insignificant [16]. 

 

Figure 2. Calculated values of Froude number at the 

walk-run transition speed for different gravitation force 

in the planets of the solar system 

B. Oxygen Consumption at the Walk-Run Transition 

Speed  

The rate of oxygen consumption at the walk-run transition 

speed for the other planets of the solar system have been 

calculated by the following regression formula [17]: 

𝑉′𝑂2 = 29.8(𝐹𝑟2) +  19.8(𝐹𝑟) +  0.91                     (3) 

The calculated values of the rate of oxygen consumption are 

plotted in Figure 3. It can be observed that the oxygen 

consumption for the planets which have the gait transition at 

Froude number greater than 0.5 is at the highest. This is 

consistent with the previous study [20] and suggesting that 

the walk-run transition on these planets requires higher 

metabolic cost.  

 

Figure 3. Rate of oxygen consumption at various Froude 

number on the planets of the solar systems 

 

 

 

IV. CONCLUSIONS 

We used the previous literature data and inverted pendulum 

model to calculate the effect of changing gravity on walk-

run transition speed and Froude number for bipedal animals 

on the planets of the solar system. The results have shown 

that the walk-run transition for the planets with higher 

gravity than the earth, the transition achieves at the higher 

speed but at similar Froude numbers. The prediction of 

occurring walk-run transition at Froude number of 0.5 for 

the planets with low gravity level did not hold. In addition, 

other previous literature data has been used here to calculate 

the rate of oxygen consumption at Froude number, at which 

the gait transitions were observed. It has been noticed that 

the rate of oxygen consumption were at the highest value for 

the low gravity celestial object such as the moon while this 

value did not have a significant change between the high 

and average gravity planets of the solar system. 
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